Bone morphogenetic proteins (BMPs) act as central regulators of ovarian physiology and may be involved in ovarian cancer development. In an effort to understand these processes, we characterized transforming growth factor β/BMP receptor and Smad expression in immortalized ovarian surface epithelial cells and a panel of ovarian cancer cell lines. These studies prompted us to evaluate the potential role of BMP9 signaling in ovarian cancer. Using small interfering RNA, ligand trap, inhibitor, and ligand stimulation approaches, we show that BMP9 acts as a proliferative factor for immortalized ovarian surface epithelial cells and ovarian cancer cell lines, signaling predominantly through an ALK2/Smad1/Smad4 pathway rather than through ALK1, the major BMP9 receptor in endothelial cells. Importantly, we find that some ovarian cancer cell lines have gained autocrine BMP9 signaling that is required for proliferation. Furthermore, immunohistochemistry analysis of an ovarian cancer tissue microarray reveals that ∼25% of epithelial ovarian cancers express BMP9, whereas normal human ovarian surface epithelial specimens do not. Our data indicate that BMP9 signaling through ALK2 may be a novel therapeutic target in ovarian cancer. [Cancer Res 2009;69(24):9254-62] 
Introduction
Bone morphogenetic proteins (BMPs) act as multifunctional regulators of development, adult tissue homeostasis, and are implicated in a variety of pathophysiologic processes (1) (2) (3) . BMPs have emerged as central modulators in ovarian physiology and female fertility (4, 5) . BMPs signal by binding to a heteromeric type I/type II receptor complex. BMPs use three distinct type II receptors, namely BMP type II receptor (BMPRII) and activin type II receptors A and B (ActRIIA and ActRIIB). Four different type I receptors have been implicated in BMP signaling: activin receptor-like kinase (ALK) 1, ALK2, ALK3 (BMPR-IA), and ALK6 (BMPR-IB). The combinatorial interactions of type I and II receptors allow for diversity and selectivity in ligand binding and intracellular signaling (6) . Upon ligand binding, the receptor complexes activate the canonical Smad pathway and several non-Smad signaling pathways. ALK1, ALK2, ALK3, and ALK6 phosphorylate the receptor regulated (R-Smad) Smads, Smad1, Smad5, and Smad8, which enables complex formation with the co-Smad, Smad4. These heteromeric Smad complexes then accumulate in the nucleus and regulate target gene expression by binding to gene regulatory elements and recruiting transcriptional coactivation and/or corepression factors (7) .
Epithelial ovarian cancer (EOC) accounts for 90% of malignant ovarian tumors; the remaining 10% are thought to originate in granulosa cells and more rarely in the stroma or germ cells. The majority of EOC is believed to arise from ovarian surface epithelial (OSE) cells, although other cells of origin have been proposed (8) . OSE cells form a single layer that covers the surface of the ovary and actively participates in the cyclical ovulatory rupture and repair process (9) . Although ovarian cancer is the fifth most common cause of death from cancer among women in the Western world, there is a poor understanding of the underlying biology of EOC and its cells of origin.
A growing body of evidence implicates BMP signaling as a target of modulation in cancer, including EOC (3). BMP4 and BMP2 have been found to be overexpressed in EOC when compared with normal OSE cells. Chordin, an antagonist of BMP signaling, is downregulated in EOC, suggesting a protumorigenic role of BMPs in ovarian cancer (10) (11) (12) (13) . However, the role of other BMP family members, their signaling pathways, and their potential roles in OSE biology and EOC pathogenesis remain to be explored.
Here, we show that BMP9 functions as a proliferative factor for immortalized human OSE cells (IOSE) and EOC cell lines, and that serum-derived BMP9 is required for ovarian cell proliferation in vitro. In contrast to previous findings demonstrating that BMP9 can inhibit endothelial cell proliferation signaling through ALK1 (14, 15) , we find that BMP9 promotes EOC and IOSE cell proliferation through an ALK2/Smad1/Smad4 pathway. Importantly, we show that EOC cells, but not IOSE cells, have autocrine BMP9 signaling and that their proliferation is severely impaired when this signaling is abolished. Furthermore, immunohistochemistry analysis of human ovarian cancer tissues indicates that 25% of EOC samples express BMP9 in vivo. Taken together, our findings indicate that BMP9 acts as a positive regulator of IOSE and EOC cell proliferation and suggest that BMP9 signaling through an ALK2/Smad1/Smad4 pathway represents a novel target for therapeutic intervention in EOC.
Materials and Methods
Antibodies. The following antibodies were used for Western blot experiments: phospho-Smad1 (Ser463/465)/Smad5 (Ser463/465)/Smad8 (Ser426/ 428) polyclonal antibody from Cell Signaling Technology, Smad1 polyclonal antibody from Upstate Biotechnology, Smad3 and Smad1 polyclonal antibodies from Zymed, Smad2/3 monoclonal antibody from BD Biosciences, inhibitor of differentiation 1 (Id1) polyclonal and Smad4 monoclonal antibodies from Santa Cruz Biotechnology, and β-tubulin monoclonal antibody from Sigma. Monoclonal anti-human BMP9 antibody from R&D was used in the BMP9 bioassay, and polyclonal anti-human BMP9 antibody from Abgent was used in immunohistochemical analysis.
Reagents. BMP9 (1-10 ng/mL), BMP4 (10 ng/mL), ALK1 extracellular domain (ALK1ecd), and ALK3ecd [2-to 16-fold molar excess concentration (FME), R&D Systems]; dorsomorphin (0.2-5 μmol/L, Calbiochem); AccuMax tissue microarray of human ovarian cancer (A213II; Stretton Scientific Ltd.); and normal human ovarian tissues were used in concordance with local ethical committee guidelines.
Cell culture. TR175 ovarian carcinoma cell line was cultured in 10% fetal bovine serum (FBS) RPMI 1640. OVCAR3, OVCA433, SKOV3, and IGROV ovarian cancer cell lines were cultured in 10% FBS DMEM and were obtained from the Cancer Research UK cell line bank, authenticated by short tandem repeat profiling and used within 3 mo of resuscitation. Human umbilical vein endothelial cells (HUVEC) were cultured as described (14) . The C2C12-BRE luciferase mouse myoblast cell line (16) was cultured in 10% FBS DMEM supplemented with 700 μg/mL G418. Nontumorigenic SV40 large T antigen immortalized human ovarian surface epithelial cells (IOSE397 and IOSE398) were cultured in Medium 199 and MCDB105 (1:1) 5% FBS. Medium was supplemented with 2 mmol/L L-glutamine and 100 U/mL penicillin and streptomycin and cells were grown in 10% CO 2 .
Transfections and small interfering RNA knockdowns. Small interfering RNA (siRNA) oligonucleotides were introduced into cells using HiPerFect transfection reagent (Qiagen) according to the manufacturer's protocol, and cells were analyzed 48 h after transfection. siRNA oligonucleotides ALK1, ALK2, ALK5, ActRIIA, ActRIIB, BMP9 (Qiagen) and Smad1, Smad3, Smad4 (Ambion) were used at 20 nmol/L concentration; BMPRII siRNA (Qiagen) was used at 50 nmol/L. (14) , and BMP9 bioassays (16) were performed as previously described.
Proliferation assays. Ten thousand or 15,000 cells per well in 12-well plates were plated in triplicate and were serum starved before treatment with different factors. At various time points, cells were harvested by trypsinization and cell number was determined using a Casy cell counter.
RNA isolation, reverse transcriptase-PCR, and quantitative reverse transcriptase-PCR. RNA was isolated using TRIZOL reagent (Invitrogen). cDNA was prepared using the first-strand cDNA synthesis kit (Roche) for reverse transcriptase-PCR (RT-PCR) analysis or DyNAmo Sybr Green 2-step quantitative RT-PCR kit (qRT-PCR; Finnzymes) for qRT-PCR. Supplementary Table S1 shows the sense and antisense primers used in RT-PCR analysis and their annealing temperatures. PCR products were separated on 1.5% agarose gels. qRT-PCR was performed as described (18) . The following primers were used: ALK2, ALK5, Id1, ActRIIA, ActRIIB, BMPRII, BMP9, Smad4, Smad1, and Smad3 (Qiagen), and ALK1 and β-actin (Supplementary Table S1 ). Amplified products were analyzed by a Chromo4 continuous fluorescence detector (Bio-Rad) and Opticon Monitor3 software.
Retroviral infections. Oligonucleotides targeting human BMP9 or nonsilencing oligonucleotides (Supplementary Table S2 ) were annealed and cloned into Xho1/EcoRI-digested MSCV/LTRmiR30-PIGΔRI [LMP; a kind gift of Ross Dickins and Scott Lowe (Howard Hughes Medical Institute, Cold Spring Harbor Laboratory, Cold Spring Harbor, NY)]. All constructs were sequenced before use and are referred to as nonsilencing (LMP-N. S), LMP-shBMP9#1, LMP-shBMP9#2, and LMP-shBMP9#3. Retrovirus was generated as described (18) . Stable cell pools were generated after outgrowth in medium containing 0.5 μg/mL puromycin.
Immunohistochemistry. Formalin-fixed, paraffin-embedded tissue sections were dewaxed in xylene and then rehydrated through graded alcohols to water and then subjected to a heat-induced epitope retrieval method using a LabVision PT retrieval module. Sodium citrate buffer (pH 6, LabVision, TA-250PM1X) was heated to 98°C for 25 min to facilitate exposure of the epitopes. The sections were stained for 60 min at room temperature in a Dako Autostainer immunostaining facility for polyclonal anti-human BMP9 antibody (Abgent, AP2064a 1/30). Immunoreactivity was visualized using DakoEnVision+ system horseradish peroxidase kit following the manufacturer's instructions. Sections were counterstained with hematoxylin before microscopy.
Statistical analysis. Paired t tests were used throughout comparing samples as indicated. 
Results

Characterization of transforming growth factor β/BMP receptors and Smad expression in IOSE and EOC cell lines.
To investigate the potential role of BMP/transforming growth factor β signaling in IOSE and EOC cells, we determined the expression of ALKs 1-7 and downstream Smads by semiquantitative RT-PCR analysis of total RNA isolated from early-passage IOSE and a panel of EOC cell lines. The transforming growth factor β signaling components (ALK5, Smad2, Smad3, and Smad4) were widely expressed in IOSE and EOC cells (Supplementary Table S3 ) in accordance with previous reports (19) . Of the BMP signaling components, Smad1, Smad5, Smad8, and the type I receptors ALK2, ALK3, and ALK4 were detected in all cell lines, whereas ALK6 and ALK7 presented a more restricted pattern of expression. Surprisingly, we detected the expression of the endothelial specific type I receptor ALK1 (20) RNA in these cell lines (Supplementary  Table S3 ). These results indicate that IOSE and EOC cells should be competent to respond to BMP and transforming growth factor β signals.
BMP9 activates the Smad1,5,8 pathway. Recent studies indicate that BMP9 may act as the physiologic ligand for ALK1 in endothelial cells (14, 15) . We therefore tested the ability of BMP9 to stimulate Smad activation in IOSE397 cells. Western blotting experiments indicated that BMP9 induced Smad1,5,8 phosphorylation in a dose-dependent manner (Fig. 1A) . Phosphorylation could be observed after 10 to 15 minutes of BMP9 treatment, was maximal at 60 minutes, and is sustained for 8 hours (Fig. 1B) . The Id1 promoter-derived BMP reporter element (BRE)-luciferase reporter construct (BRE-Luc) acts as a readout system for transcriptional responses induced by Smad1 and/or Smad5 (21) and consistent with this, BMP9 treatment of IOSE397 cells lead to a dose-dependent increase in BRE-Luc reporter activity (Supplementary Fig. S1 ). BMPRII, endoglin, Smad6, and Id1 are BMP9 target genes in endothelial cells (15) ; thus, we analyzed if BMP9 could regulate these genes in IOSE397 cells. No changes in BMPRII nor endoglin RNA levels were observed; however, Smad6 and Id1 RNA levels were both increased in response to BMP9 with Id1 levels being increased by 20-fold after 90 minutes of treatment ( Fig. 1C and data not shown). Western blotting analysis indicated that Id1 protein levels were also increased upon BMP9 treatment (Fig. 1D) . These results indicate that BMP9 activates the canonical Smad1,5,8 pathway in IOSE397 cells to regulate gene transcription.
ALK2, ActRIIA, and BMPRII are required for BMP9 signaling. BMP9 can bind to recombinant ALK1 and BMPRII with high affinity but can also weakly bind to ALK2, ActRIIA, and ActRIIB in vitro (22) . To define which receptors are required for BMP9 signaling, we cotransfected IOSE397 cells with siRNAs targeting the type I receptors ALK1, ALK2, and ALK5 and the BRE-Luc reporter construct. The levels of silencing and the specificity of these reagents were analyzed by qRT-PCR ( Supplementary Fig. S2A-C) , and BRE-luciferase activity in response to BMP9 was determined ( Fig. 2A) . BMP9-stimulated BRE-luciferase activity was severely reduced when ALK2 was silenced, but not following ALK1 or ALK5 knockdown ( Fig. 2A) . Furthermore, ALK2 silencing impaired BMP9-induced Smad1,5,8 phosphorylation and Id1 RNA and protein upregulation ( Fig. 2B; Supplementary Fig. S2D-F) . To further confirm these data, IOSE397 cells were incubated with [ 125 I]BMP9 and cross-linked receptor ligand complexes were immunoprecipitated with antisera specific for ALK1, ALK2, ALK3, ALK6, and BMPRII. Immunoprecipitation of ALK2 and BMPRII readily precipitated [
125 I]BMP9 complexes, whereas immunoprecipitation of ALK1, ALK3, and ALK6 failed to do so (Fig. 2C and data not  shown) . In contrast, BMP9 strongly bound to ALK1 and not ALK2 in endothelial (HUVEC) cells as previously described (14) . Consistent with this, ALK1 RNA levels were much lower than ALK2 RNA levels in IOSE397 and EOC cells and were very much lower than ALK1 RNA levels in HUVEC cells when analyzed by qRT-PCR (Supplementary Fig. S3 ). siRNAs targeting ActRIIA, ActRIIB, and BMPRII were also transiently transfected in IOSE397 Fig. 2D; Supplementary Fig. S2G-I ). These results indicate that BMP9 signals through an ALK2/ActRIIA/BMPRII complex to trigger a phospho-Smad1,5,8 response in IOSE397 cells.
BMP9 promotes proliferation of IOSE397 cells and ovarian cancer cell lines in low serum. BMP9 has been shown to both positively and negatively control cell proliferation in different cell types (14, 15, (22) (23) (24) . We therefore investigated whether BMP9 affected proliferation of IOSE397 cells. BMP9 had no effect on IOSE397 cell proliferation when cells were cultured in 5% FBS (Supplementary Fig. S4 ). However, BMP9 was able to promote cell proliferation when cells were grown in serum-starved (0.1% FBS) conditions. Similarly, BMP9 readily stimulated proliferation of the TR175 and OVCA433 EOC cell lines when they were grown in 0.1% FBS (Fig. 3A) .
BMP9 exerts its proliferative effect through an ALK2/ Smad1/Smad4 pathway. As BMP9 could stimulate proliferation in EOC cell lines, we determined if BMP9 also signals through ALK2 in these cells. siRNA-mediated knockdown experiments indicated that BMP9-mediated activation of Smad1,5,8 is also ALK2 dependent in TR175 and OVCA433 cells (Supplementary Fig. S5 ). We next assessed whether the ALK2/Smad1 pathway was involved in the proliferative effect induced by BMP9. Knockdown of ALK2 using siRNA efficiently inhibited BMP9-mediated proliferation of OVCA433 cells (Fig. 3B, left; Supplementary Fig. S6A ). We extended these observations by using the ALK2, ALK3, and ALK6 inhibitor dorsomorphin (25) . Treatment of cells with 1 μmol/L dorsomorphin (a concentration that completely blocks BMP9-mediated BRE-Luc induction; Supplementary Fig. S6B ) prevented BMP9-mediated stimulation of OVCA433 cell proliferation (Fig. 3B, right) . Next, we analyzed which type II receptor was implicated in the BMP9 proliferative response in EOC cells. siRNAs mediated knockdown of ActRIIA or/and BMPRII blocked BMP9-induced proliferation in OVCA433 cells ( Fig. 3C; Supplementary Fig. S6C, D) . As dorsomorphin has been described to act as a specific Smad activation inhibitor (25), our results using this inhibitor suggested that the BMP9-mediated proliferative effect in OVCA433 cells may be Smad dependent. Consistent with this, siRNA-mediated knockdown of Smad1 and Smad4 but not Smad3 resulted in the efficient Columns, mean (n = 3); bars, SD. B to D, data are displayed as fold increase relative to untreated samples. *, P < 0.05; **, P < 0.005. inhibition of BMP9-induced proliferation in OVCA433 cells ( Fig. 3D; Supplementary Fig. S6E-J) . Taken together, our data indicate that BMP9 induces cell proliferation through an ALK2/ActRIIA/BMPRII/Smad1/Smad4 pathway.
Serum-derived BMP9 promotes proliferation. We and others have recently shown that BMP9 is present in human (16, 26) and bovine serum (16) at physiologically active concentrations. As BMP9 proliferative effects are only manifested in serum-starved cells, we reasoned that serum-derived BMP9 may mask the effect of recombinant BMP9. To test this hypothesis, we used purified Fccoupled extracellular domain of ALK1 (ALK1ecd), which binds to BMP9 with high affinity (22) and therefore may be considered as a specific ligand trap for BMP9 and consequently as a specific BMP9 inhibitor. Specificity controls indicated that the ALK1ecd had no effect on BMP4-mediated induction of BRE-Luc and that ALK3ecd had no effect on BMP9 responses ( Supplementary Fig. S7A-C) . ALK1ecd was able to inhibit exogenous BMP9-induced phosphorylation of Smad1,5,8 (Fig. 4A) , activation of BRE-Luc, and upregulation of Id1 protein ( Supplementary Fig. S7D , E) in a dose-dependent manner in IOSE397 cells. Interestingly, ALK1ecd also decreased basal phosphorylation of Smad1,5,8 presumably by blocking serum-derived BMP9 signaling (Fig. 4A) . Importantly, treatment of IOSE397, TR175, and OVCA433 cells growing in the presence of serum with the ALK1ecd reduced the proliferation rates of all three cell lines (Fig. 4B) . Furthermore, a BMP9 blocking antibody was able to reproduce this effect when added to OVCA433 cells growing in 10% FBS medium (Supplementary Fig. S7F ). Dorsomorphin treatment efficiently inhibited both basal and BMP9-stimulated phosphorylation of Smad1,5,8 in IOSE397 cells (Fig. 4C ) and had equivalent effects to ALK1ecd treatment on cell proliferation (Fig. 4D) .
Autocrine BMP9 promotes the proliferation of ovarian cancer cell lines. We next investigated if IOSE and EOC cell lines produce BMP9 by qRT-PCR analysis. Notably, all EOC cell lines produced more BMP9 mRNA than IOSE397 cells (Fig. 5A, left) . In agreement with this result, bioassay analysis indicated that EOC cell lines release greater quantities of bioactive BMP9 into their culture medium than IOSE397 cells (Fig. 5A, right) . Treatment of IOSE397, TR175, and OVCA433 cells with ALK1ecd in serumstarved conditions reduced the proliferation rates in OVCA433 and TR175 but not in IOSE397 cells (Fig. 5B, left) . Furthermore, transient knockdown of BMP9 using siRNAs (∼80% reduction) had no effect on proliferation of IOSE397 cells. In stark contrast to these results, we observed that transient knockdown of BMP9 in TR175 cells (by 30-50%) or OVCA433 cells (by 40-50%) was sufficient to inhibit proliferation of both cell lines by 40% to 50% when cultured in low serum (Fig. 5B, right; Supplementary Fig. S8A-C) . To confirm these data, we generated a nonsilencing control (LMP-N.S) and BMP9 short hairpin RNA (shRNA) pMir-based retroviral vectors (LMP-shBMP#1, #2, and #3) and established stable cell lines in OVCA433 and TR175 cells. These vectors were capable of efficiently reducing BMP9 mRNA levels by ∼80% (Supplementary Fig. S8D-E) . In agreement with the transient knockdown experiments, TR175 and OVCA433 cell lines with reduced levels of BMP9 exhibited a decrease in cell proliferation in low serum when compared with nonsilencing control lines. Importantly, addition of exogenous BMP9 was able to rescue this effect and restore proliferation rates (Fig. 5C) . Finally, we confirmed that ALK2 was required for the autocrine BMP9 proliferative effect, as ALK2 silencing also compromised the proliferation of TR175 and OVCA433 when cultured in serum-starved conditions ( Fig. 5D ; Supplementary Fig. S8F, G) . Taken together, these findings indicate that unlike IOSE cells, EOC cell lines exhibit autocrine BMP9 signaling that supports proliferation in low serum conditions. BMP9 is expressed in human EOC but not in normal human OSE cells. Having shown that ovarian cancer cell lines have gained Figure 5 . Autocrine BMP9 promotes ovarian cancer cell line proliferation. A, left, BMP9 RNA levels of IOSE and EOC cell lines were analyzed by qRT-PCR and normalized to β-actin. IOSE397 BMP9 RNA content was assigned an arbitrary value of 1. Columns, mean (n = 3); bars, SEM. Right, bioassay for the analysis of BMP9 production in EOC and IOSE397 cell lines. Cells were serum starved (0.1% FBS medium) and counted 15 h later; medium was collected and assayed for BMP9 content. Results are expressed as pg of BMP9/100,000 cells/h. Columns, mean (n = 6); bars, SD. B, left, IOSE397, TR175, and OVCA433 cells were incubated with different concentrations of ALK1ecd (FME) in 0.1% FBS and counted at day 6. Data are displayed as percent of untreated cells. Columns, mean (n = 3); bars, SEM. Right, IOSE397, TR175, and OVCA433 cells were transiently transfected with BMP9 siRNA oligonucleotides, serum starved, and counted 6 d later. Data are displayed as percent of nonsilencing siRNA control transfected (N.S) cells. Columns, mean (n ≥ 3); bars, SD. C, independent stable cell lines expressing nonsilencing (N.S) and two different shRNAs targeted against BMP9 were generated by retroviral infection of TR175 and OVCA433 cells. Cells were serum starved in 0.1% FBS, treated −/+ BMP9 (5 ng/mL), and counted at day 6. Columns, mean (n = 3); bars, SEM. D, TR175 and OVCA433 cells were transiently transfected with ALK2 siRNA oligonucleotides as indicated, serum starved, and counted 4 d later. Data are displayed as percent of nonsilencing control siRNA transfected (N.S) cells. Columns, mean (n ≥ 3); bars, SD. *, P < 0.05; **, P < 0.005.
an autocrine proliferative BMP9 pathway, we wished to determine if BMP9 expression could be detected in human normal OSE and primary ovarian cancer specimens. We performed immunohistochemistry analysis on four normal ovary specimens with detectable OSE cells and on a commercial ovarian cancer tissue microarray (TMA). We could not detect BMP9 expression in any of the normal OSE specimens (Fig. 6A and data not shown) . In contrast, we were readily able to detect BMP9 expression in some (Fig. 6A) but not all of the tumor specimens (Fig. 6A , top middle, and data not shown). All of the BMP9-positive samples belonged to the EOC type, whereas no BMP9 staining was observed in nonepithelial ovarian tumors. Of the EOC samples analyzed, 25.8% presented BMP9 staining (Fig. 6B) . Of the different subtypes of EOC, no BMP9 staining was detected in endometroid and transitional EOCs, whereas in serous, mucinous, and clear cell EOC subtypes, BMP9 expression was observed in 30% to 40% of the cases. BMP9 staining was also observed in the single Brenner tumor present on the TMA. These results indicate that BMP9 protein can be detected in EOC cells but not in normal human OSE cells, suggesting that during EOC development, cells may acquire BMP9 autocrine production to support their proliferation.
Discussion
BMP9 was first isolated in the developing mouse liver (27) and it has been shown to be expressed in the nonparenchymal cells in adult liver as well as other tissues as the central nervous system and normal human bone (28) (29) (30) . Recent studies of ours and others have shown the presence of active BMP9 in normal human serum (16, 26) . BMP9 has been described to mediate cholinergic differentiation in neurons in the central nervous system (28, 31) , to promote chondrogenic differentiation and promote bone formation in vivo (32) , and to participate in both glucose and iron homeostasis (23, 33, 34) . In addition, recent studies have shown that BMP9 has a role in endothelial cell physiology (14, 15) . With the exception of endothelial cells, where BMP9 signaling occurs through ALK1, it is unknown which receptors mediate BMP9 signaling. Here, we show that BMP9 binds to ALK2 and signals through Smad1/Smad4 to regulate gene transcription in normal and transformed ovarian epithelial cells. We also determined that BMP9 signals through BMPRII and/or ActRIIA type II receptors in IOSE and EOC cells. This is in concurrence with previous studies indicating that BMPRII and/or ActRIIA are the type II receptors required for BMP9 signaling in endothelial cells (15) .
BMPs control a wide variety of cellular processes in both fetal and adult tissues, and several reports have suggested a role for BMP9 in both positively and negatively controlling cell proliferation in different cell types (14, 15, (22) (23) (24) , although the involvement of the Smad pathways in these processes has yet to be elucidated. Dorsomorphin has been shown to functionally separate Smaddependent and non-Smad pathways triggered by BMPs (25) . Dorsomorphin completely abrogated BMP9-induced proliferation in ovarian cancer cells, suggesting that this may be mediated by Smad pathways, and, indeed, knockdown of Smad1 and Smad4 impaired BMP9-induced proliferation. Taken together, our data indicate that BMP9 promotes proliferation by signaling through an ALK2/ActRIIA/BMPRII/Smad1/Smad4 pathway.
BMP9 induction of proliferation was only observed in serumstarved conditions because it was masked by the proliferative effect of physiologically relevant concentrations of serum-derived BMP9. It will be interesting to determine if the proliferation of many other cell lines in culture requires serum-borne BMP9. It will also be interesting to investigate whether BMP9 concentration in serum is altered in ovarian cancer patients or if it can be found in ascitic fluids and if so, if BMP9 levels correlate with the outcome of the disease.
Our results suggest that whereas normal OSE cells are restricted to serum-derived BMP9, ovarian cancer cells have an autocrine BMP9 pathway that supports their proliferation. To our knowledge, this is the first time that a bona fide functional autocrine BMP pathway verified by knockdown analysis has been linked to cancer cell biology. Furthermore, immunohistochemical analysis of BMP9 performed in a human ovarian cancer TMA revealed that BMP9 is present in EOC cells but not in non-EOC tissues and normal human OSE cells. These results suggest that BMP9 may have a role in EOC tumorigenesis in vivo. In which stage of tumor development and how ovarian cancer cells acquire the ability to overproduce BMP9 remain to be investigated.
Our study adds to a growing body of evidence that implicates aberrant BMP signaling in ovarian cancer pathology. BMP4 and BMP2 have been shown to be produced by ovarian cancer cell lines (10, 12, 13, 35) and BMP2 has recently been detected by immunohistochemistry in primary ovarian cancer specimens (13) . Chordin is an antagonist of BMP activity (36) and it has been found to be downregulated in ovarian cancer (11) , which further suggests a protumorigenic role for BMPs in EOC. Targeting BMP signaling in ovarian cancer may offer a novel therapeutic strategy to add to the oncologists' armory in the fight against this devastating disease. Our results described here indicate that the ALK2, ALK3, ALK6 kinase inhibitor dorsomorphin can restrict the proliferation of ovarian cancer cell lines. This indicates that the use of this and more specific next-generation inhibitors of ALKs maybe efficacious in the treatment of ovarian cancers. We would also like to speculate that immunohistochemistry and/or bioassay analysis of BMP production and BMP activity may provide selection criteria for the use of these inhibitors both preclinically and ultimately in the clinic.
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